Abstract Iron oxide nanoparticles (FNPs) were synthesized due to low toxicity and their ability to immobilize biological materials on their surfaces by the coprecipitation of iron salts in ammonia hydroxide followed by coating it with polyethylene glycol (PEG) to minimize the aggregation of iron oxide nanoparticles and enhance the effect of nanoparticles for biological applications. Then, the FNPs-PEG was loaded with perindopril erbumine (PE), an antihypertensive compound to form a new nanocomposite (FPEGPE). Transmission electron microscopy results showed that there are no significant differences between the sizes of FNPs and FPEGPE nanocomposite. The existence of PEG-PE was supported by the FTIR and TGA analyses. The PE loading (10.3 %) and the release profiles from FPEGPE nanocomposite were estimated using ultraviolet-visible spectroscopy which showed that up to 60.8 and 83.1 % of the adsorbed drug was released in 4223 and 1231 min at pH 7.4 and 4.8, respectively. However, the release of PE was completed very fast from a physical mixture (FNPs-PEG-PE) after 5 and 7 min at pH 4.8 and 7.4, respectively, which reveals that the release of PE from the physical mixture is not in the sustained-release manner. Cytotoxicity study showed that free PE presented slightly higher toxicity than the FNPs and FPEGPE nanocomposite. Therefore, the decrease toxicity against mouse normal fibroblast (3T3) cell lines prospective of this nanocomposite together with controlled-release behavior provided evidence of the possible beneficial biological activities of this new nanocomposite for nanopharmaceutical applications for both oral and non-oral routes.
Introduction
Recently, different types of nanoparticles-based therapeutic and diagnostic agents have been extensively studied to prolong the half-life of drug systemic circulation by reducing immunogenicity, sustained release of drugs in an environmentally responsive manner, lower frequency of administration in order to minimize systemic side effects of drugs for treatment of diabetes [1, 2] , asthma [3] [4] [5] , allergy [6] , infections [7, 8] , cardiovascular diseases [9] , neurological diseases [10] , cancers [11, 12] , pain, and so on. Therefore, a few pioneering therapeutic nanoparticles have been introduced into the pharmaceutical market.
Polymeric nanoparticles [13] have been used in nanomedicine to provide more effective and/or more convenient routes of administration, high encapsulation efficiency [14] , lower therapeutic toxicity, extend the product life cycle, and ultimately reduce health-care costs.
Beside polymeric nanoparticles, the most common nanoparticles attracted more attention nowadays are polysaccharide-based nanoparticles and metallic nanoparticles (typically iron oxide nanoparticles) [15] which could improve the therapeutic index of drugs by reducing the drug toxicity or enhancing drug efficacy. Previous studies showed that polymeric nanoparticles could be used to prevent the hemoglobin oxidation after loading into VAM41-polyethylene glycol (PEG) [16] . In the early 1990s, PEG, a non-toxic and non-immunogenic polymer was introduced into clinical uses in order to enhance the pharmacokinetics of various nanoparticle formulations and prolongs drug circulation half-life [17, 18] .
Controlled release of drug suggests plenty advantages over free drugs such as improved efficacy, reduced side effects, and improved patient compliance [18] . Previous reports showed that a variety of active compounds such as kojic acid [19] , doxorubicin [20, 21] , 5-aminosalicylic acid [22] , 6-mercaptopurine [23] , 10-hydroxycamptothecin [24] , gallic acid [25, 26] , folic acid [27] , arginine [28] , and anthranilic acid [29] can be loaded onto the surface of magnetic nanoparticles.
Heart disease is the first leading cause of death for both men and women globally and the number of people who die due to high blood pressure (BP) (hypertension) will increase to reach 23.3 million by 2030 [30] . Therefore, to find a new nanocomposite for the treatment of hypertension, iron oxide nanoparticles can be selected due to low toxicity, low cost of production, ability to immobilize biological materials on their surfaces, potential for direct biodegradable, and suitable for surface modifications. To minimize the aggregation of iron oxide nanoparticles (FNPs), which causes due to dipole-dipole attractions between particles [31, 32] , PEG was coated on the surface of FNPs to create FNPs-PEG. Then, perindopril erbumine (PE), a long-acting angiotensinconverting enzyme inhibitor, which prevents various medical conditions indicating reduced systolic and diastolic BP in patients with mild-to-moderate hypertension, congestive heart failure and diabetic nephropathy [33, 34] was loaded on the surface of FNPs-PEG and formed a new FPEGPE nanocomposite. The resulting nanocomposites (FPEGPE) was characterized for the structural and sustained release properties and evaluate the cytotoxic effects against normal fibroblast (3T3) cell lines as compared to free active drug and uncoated FNPs in order to improve the treatment of hypertension. In addition, the effect of PEG coating will be also evaluated. In addition, all reagents used in this study were of analytical grade and were used without further purification.
Materials and methods

Materials
Preparation of magnetite nanoparticles and FPEGPE nanocomposite
The magnetite nanoparticles were synthesized by coprecipitation method as previously reported by Lee et al. [35] . The magnetite nanoparticles were prepared by mixing of 2.43 g ferrous chloride tetrahydrate, 0.99 g ferric chloride hexahydrate, and 80 mL of deionized water in the presence of 6 mL of ammonia hydroxide (25 mass%). The pH of the solution was keep at 10. The solution was ultrasonicated for 1 h at room temperature. To remove all impurities, the precipitates were centrifuged and washed with deionized water for three times. For surface modification of FNPs, the collected magnetite was mixed with 2 % PEG. After 24 h stirring, the black precipitates mixture of magnetite-PEG was collected by a permanent magnet, washed for three times in order to remove the unbound PEG during the coating process. The 2 % of drug solution, PE which was dissolved in deionized water was added to the magnetite-PEG, and the mixture was magnetically stirred at room temperature for 24 h to facilitate the uptake of PE. Finally, the FPEGPE products (PE-loaded PEG-coated magnetite nanoparticle) were washed for three times and dried in an oven.
Cell viability study
Cell culture
Mouse normal fibroblast (3T3) cell line was obtained from American Type Culture Collection (Manassas, VA, USA). They were maintained in DMEM medium (Dulbecco's Modified Eagle Medium, Gibco) supplemented with 10 % fetal bovine serum and 1 % antibiotics (100 units mL -1 penicillin 100 mg mL -1 streptomycin). Cell's media were changed after every 2 days, and they were grown in a humidified incubator at 37°C (95 % room air, 5 % CO 2 ) and used for seeding and treatment after reaching 90 % confluence.
The 3T3 cells were seeded at 1 9 10 5 cells mL -1 into 96-well plates and left overnight in a CO 2 incubator to become attached. Cytotoxic activity of the coated FNPs with PEG-PE, pure PE, and the uncoated FNPs was done after 72 h exposure. A stock solution of 10 mg mL -1 from nanoparticles, the FPEGPE nanocomposite, and pure PE was prepared in media and subsequently diluted to obtain the desired concentration of 0.47-50.0 lg mL -1 . Wells containing cells and media only were used as control.
Cytotoxicity study
The cytotoxic effect of the FNPs, FPEGPE nanocomposite, and pure drug (PE) on the cells was measured by the conventional MTT reduction assay as described previously [36] . MTT solution (5 mg mL -1 in phosphate buffered saline-PBS) was added to the treated and control wells at 20 lL final volume and then left in an incubator at 37°C. Media were discarded about 2 h post MTT solution addition, and the reaction was stopped by gentle replacement with dimethyl sulfoxide (DMSO) 100 lL per well. This is to dissolve the blue crystals formed due to the reduction of tetrazolium by living cells. The amount of MTT formazan produced was determined by measuring the absorbance at 570 and 630 nm (background) using a microplate enzyme-linked immunosorbent assay reader (ELx800, BioTek Instruments, Winooski, VT, USA). All experiments were carried out in triplicate, and the results are presented as the mean ± standard deviation. Cell viability was expressed as a percentage of the value in untreated control cells and calculated as
Loading and release amounts of PE from FPEGPE nanocomposite
The loading percentage of PE in the FPEGPE nanocomposite was measured spectrophotometrically. A measure of 11 mg of FPEGPE nanocomposite was dissolved into the mixture of 1:3 mL HCl HNO 3 -1 and marked it up to 25 mL by deionized water and stirred for around 1 h. Then, the amount of the PE in the sample was measured using a UV-Vis spectroscopy.
To study the release profiles of PE from FPEGPE nanocomposite, a PBS solution at two pH levels (7.4 and 4.8) was used at room temperature [37, 38] . The cumulative released amount of PE into the solution was measured at preset time intervals at k max = 215 nm by the UV-Vis spectrum. The rate of the release can be changed due to existing different anions such as Cl -, HPO 4 2-, and H 2 PO 4 -in the PBS.
Instrumentation
In order to determine the crystal structure of the magnetite and FPEGPE nanocomposite, powder X-ray diffraction (XRD) patterns were obtained in a range of 5°-70°on an XRD-6000 diffractometer (Shimadzu, Tokyo, Japan) using CuK a radiation (k = 1.5406 Å ) at 40 kV and 30 mA. Fourier transform infrared (FTIR) spectra of the materials were recorded over the range of 400-4000 cm -1 on a Thermo Nicolet (AEM, Madison WI, USA) with 4 cm -1 resolution, using the potassium bromide disk method. Thermogravimetric and differential thermogravimetric analyses (TGA-DTG) were carried out using a MettlerToledo instrument (Greifensee, Switzerland) in 150 lL alumina crucibles in the range of 20-1000°C at a heating rate of 10°C min -1 . Magnetic properties were obtained by a Lakeshore 7404 vibrating sample magnetometer (VSM; Westerville, OH, USA). Morphology and particle size of the samples were determined by a transmission electron microscopy (TEM) (Hitachi, H-7100 at an accelerating voltage of 100 kV). The UV-Vis spectrophotometer (Shimadzu 1650 series, Tokyo, Japan) was used to determine the optical and controlled-release properties of PE from the FPEGPE nanocomposite.
Results and discussion
Powder XRD
The XRD patterns of the prepared magnetite nanoparticles as well as FPEGPE nanocomposite are shown in Fig. 1 . The inset shows the XRD patterns of pure PE and the PEG. Two main diffraction peaks appeared at 2h = 10.5°and 20.6°can be assigned to the pure PEG (Fig. 1d) [39] . The diffraction pattern of pure PE (Fig. 1c) shows many intense sharp peaks in the fingerprint region, which was also previously reported [40] . Figure 1a shows six characteristic peaks of FNPs which are marked by their indices (220), (311), (400), (422), (511), and (440). These peaks confirm the formation of cubic inverse spinal structure of magnetite Fe 3 O 4 nanoparticles [41] .
Due to the same characteristic peaks that can be observed in FPEGPE nanocomposite, it can be proved that the modification of FNPs after coating with PEG-PE did not result in any phase change of magnetite FNPs [19, 42] . Moreover, the absence of the characteristic diffraction peaks at (210), (213), and (300) indicates that the maghemite or the co-existence of maghemite (c-Fe 2 O 3 ) did not exist in both samples [43] . The mean grain size was measured using the Debye-Scherrer equation (D = Kk/ bcosh), where D is the mean grain size, K is the Scherrer constant (0.9), k is the XRD wavelength (0.15418 nm), b is the peak width of half maximum intensity, and h is the Bragg diffraction angle. Therefore, the average crystal size of the FNPs was estimated to be 3 nm. Figure 2 provides the FTIR spectra of FNPs (a), pure PEG (b), free drug PE (c), and FPEGPE nanocomposite (d). The absorption peak at around 560 cm -1 in magnetic FNPs spectrum relates to the stretching of Fe-O which was shifted to 577 cm -1 after coating with PEG-PE (Fig. 2d) , confirming the presence of magnetite in FPEGPE nanocomposite. The characteristic band of pure PEG was appeared at 2889 cm -1 (Fig. 2b) and can be assigned to C-H stretching vibration which is shifted to 2872 cm -1 in FPEGPE nanocomposite. Another two bands at 1468 and 1343 cm -1 belong to the C-H bending vibration. The C-H bending vibration band at 1468 cm -1 is shifted to 1445 cm -1 after the coating process. In addition, two characteristic bands at 1281 and 1094 cm -1 can be assigned to the O-H and C-O-H stretching vibration, respectively [44] .
Infrared spectroscopy
The FTIR spectra of PE (Fig. 2c) show many intense, sharp absorption bands due to different functional groups present in molecules such as primary amine, secondary amine, ester, carboxylic acid, and methyl groups. The peak at 1247 cm -1 is due to C 3 C-N stretching [45] , and it was shifted to 1251 cm -1 after coating process, demonstrating that PE was successfully loaded to FNPs-PEG. The band at 1022 cm -1 is due to C-N stretching [46] and it is also present in FPEGPE nanocomposite. The band at 2925 cm -1 indicates that CH in NH-CH-propyl is shifted to 2930 cm -1 due to the coating procedure (Fig. 2d) . The band appeared at 1154 cm -1 is due to the symmetric stretching of C-N-C, which is also present in FPEGPE nanocomposite. This evidence strongly confirms the coating of PEG-PE on the surface of FNPs.
Thermogravimetric analysis
In order to verify the coating and loading formation of FNPs with PEG-PE, the thermal behavior of the FNPs, free drug (PE), and FPEGPE nanocomposite was measured via thermogravimetric and differential thermogravimetric analyses (Fig. 3) . The FNPs show one stage weight loss which occurred at 286°C, which is corresponding to the loss of residual water with 4.1 % weight loss (Fig. 3a) [32] . Thermogravimetric curve of free drug (PE) shows two main thermal stages. The first stage which is related to melting of PE was observed at 145°C with about 18 % weight loss (Fig. 3b) . The second mass reduction at 260°C with 78 % weight loss is attributed to the decomposition and subtle combustion of PE [47] .
For the FPEGPE nanocomposite, three major thermal events were observed (Fig. 3c) . A slight mass reduction was observed up to 241°C (8.4 % weight loss) which is likely due to the adsorbed water and decomposition of PE. The second mass reduction at 344°C might be due to the decomposition of PEG polymer with weight loss of 4.4 %. This was followed by the third stage in the region of 642°C up to 918°C with the mass reduction of 6.8 %.
The temperature region after coating is clearly enhanced, due to the electrostatic attraction between the iron oxide surface and PEG-PE [40] .
Magnetic properties
In drug delivery system, superparamagnetism is having an important role in magnetic targeting carriers [48] . Figure 4 shows the magnetic properties of FNPs (Fig. 4a) and FNPs coated with PEG-PE (FPEGPE), by a VSM (Fig. 4b) . Due to the lack of hysteresis loop in the magnetization curves and the saturation magnetization of 54.6 and 38.8 emu g for FNPs and FPEGPE nanocomposite, respectively, it can be confirmed that both samples have the superparamagnetic properties (i.e., no remanence effect) and were of soft magnets [24, 42, 48] . Method of synthesis and the particle size can be affected on the value of saturation magnetization; therefore, this value is usually lower than the theoretical value expected [49] . Saturation magnetization (Ms) of FNPs decreased after coating procedure, which is attributed to the effect of small-particle surface and also the exchange of electrons between the surface of Fe atoms and the PEG polymer coating [50] . In addition, it can provide further supporting evidence of occurrence of the PEG on the surface of iron oxide magnetic nanoparticles.
Particle size and size distribution
Magnetic nanoparticles with smaller size (\30 nm) show superparamagnetic properties [28] therefore, TEM together with a UTHSCSA ImageTool software were performed to determine the size, shape, and particle size distribution of the bare FNPs (Fig. 5a, c) and FPEGPE nanocomposite (Fig. 5b, d ). The particle size and size distribution of FNPs and FPEGPE nanocomposite were calculated by measuring the diameters of around 150 nanoparticles chosen randomly through the TEM images. FNPs are well-dispersed and have uniform size and shape, although some agglomeration exist due to the magnetization effect [24] and/or the dehydration process. Figure 5 indicates that the pre-prepared FNPs and FPEGPE nanocomposite have spherical shape and were essentially monodisperse with the average size of 9 ± 2 and 13 ± 2 nm, for FNPs and FPEGPE nanocomposite, respectively. Due to increase of the particle size after coating, it is therefore proved that the PEG-PE was successfully coated on the surface of FNPs [51, 52] .
Release study of PE from FPEGPE nanocomposite Release profiles of PE from FPEGPE nanocomposite were investigated in PBSs at pH 7.4 and 4.8 in order to simulate in vivo conditions similar to the body fluids and pH of stomach after digestion, respectively. By the UV spectrophotometer and a calibration curve equation, the percentage loading of PE into the FPEGPE nanocomposite was obtained to be around 10.3 %. Figure 6 provides the cumulative release quantities of PE from the FPEGPE nanocomposite were 60.8 and 83.1 % at pH 7.4 and 4.8 after 4223 and 1231 min, respectively. The inset in Fig. 6 shows as expected the release of PE was completed very fast from a physical mixture (FNPs-PEG-PE) after 5 and 7 min at pH 4.8 and 7.4, respectively, which reveals that the release of PE from the physical mixture is not in the sustained-release manner.
The release rates of PE from the nanocomposite at pH 7.4 ( Fig. 6b) are much slower than that at pH 4.8 (Fig. 6a) , and this behavior is attributed to the acidity of the media. At pH 7.4, the fast release of PE with a value of 44.2 % at the initial 120 min may be due to the release of PE anions adsorbed on the surface of the PEG polymer. However, it became much slower and more sustained after this initial time, which is attributed to the ion-exchange process between the PE anions and the anions present in the buffer solution. In our previous nanocomposite (FCPE) with chitosan was used as the coating polymer, the PE anion binding was found to be stronger compared to this nanocomposite (FPEGPE) due to the NH 3 active group that is present in chitosan in FCPE nanocomposite compared to O-H active group that is present in PEG in FPEGPE nanocomposite. Therefore, the drug (PE) can be released more slowly from the FCPE carriers, when chitosan was used as a coating polymer compared to FPEGPE nanocomposite in which PEG was used as the coating polymer [40] .
The release of drug molecules from FPEGPE nanocomposite can be described by three different kinetic models such as pseudo-first-order kinetic, pseudo-secondorder kinetic, and parabolic diffusion model. Pseudo-firstorder kinetic equation, lnðq e À q t Þ ¼ lnðq e À k 1 tÞ [53, 54] which is represented in the linear form, shows the release of PE from FPEGPE nanocomposite, and the decomposition rate depends on the amount of the drug in the nanocomposite. Therefore, if this kinetic model is followed, the plot of ln(q e -q t ) versus t will be a linear from which the k 1 value can be obtained.
The pseudo-second-order kinetic model [54] that can be expressed in the linear form of
The plot of t q t versus t will be a linear and allows to measure of k 2 . And the parabolic diffusion model [55] which can be repre-
The q e and q t in the pseudo-first-and the pseudo-second-order kinetic models are the equilibrium release rate and the release rate at time t, respectively. In addition, k in all the three models is a constant and corresponding to the release amount, and M 0 and M t in parabolic equation are the drug content remained in FPEGPE nanocomposite at release time 0 and t, respectively. The correlation coefficient (R 2 ) was used as criteria to select the best model for describing the release of drug from the nanocomposite.
With the use of these three kinetic models as mentioned earlier for the release kinetic data, it was found that the pseudo-second-order kinetic model was deemed more satisfactory for describing the release behavior of PE anions from FPEGPE nanocomposites compared to the other models used in this work (Fig. 7a, b , Table 1 ). In vitro bioassay
The cell proliferation assay (MTT) is one of the several in vitro methods used to study toxicity potentials of active compounds [56, 57] . Figure 8 shows the toxicity effect of pure PE, FNPs, and the synthesized iron oxide coated with PEG-PE (FPEGPE) on normal fibroblast cell (3T3) at 72 h post treatment using cell proliferation assay (MTT) between the dose ranges of 0.0-50 lg mL -1 . For the three compounds tested, dose-dependent properties were observed in which it decreases the cellular viability after 72 h. Pure PE was found to have higher toxicity effect in a dose-dependent fashion compared to FPEGPE nanocomposite and FNPs. There was 20 % decrease in cell viability at 50 lg mL -1 exposure to PE, while FNPs and FPEGPE nanocomposite showed less than 10 % decrease on fibroblast viability. Hence, pure drug PE causes a slightly higher toxicity to 3T3 cell in a dosedependent manner than FPEGPE nanocomposite and FNPs.
We had reported earlier similar toxicity pattern, where PE-loaded iron oxide-chitosan (FCPE) nanoparticles tested on fibroblast cell line [40] . The results show that FNPs loaded with PE and coated with either chitosan or PEG showed decrease toxicity potential than pure PE. This may be attributed to the sustained, controlled release potential seen in both materials. The decrease toxicity prospective of this delivery system together with the controlled-release effects should be explored further for better drug delivery application. 
Conclusion
Due to low toxicity effect of FNPs against mouse normal fibroblast (3T3) cell lines, magnetite FNPs which were synthesized by coprecipitation method were coated with PEG-PE to form the FPEGPE nanocomposite. The XRD patterns show pure phase magnetite FNPs with mean particle size of 9 ± 2 nm. After coating, the FPEGPE nanocomposite composed of pure magnetite core with slightly bigger mean particle size of 13 ± 2 nm. The FTIR shows the vibrational modes of the magnetite and the attachment of PEG-PE onto the surface of FNPs. VSM studies confirm the superparamagnetic properties of FNPs and the FPEGPE nanocomposite. Although, it was found that the release profiles of PE from FPEGPE nanocomposite into phosphate buffered solution are of controlled manner with the total release equilibrium of 60.8 and 83.1 % when exposed to pH 7.4 and 4.8 at 4223 and 1231 min, respectively, but due to the stronger binding of chitosan (NH 3 active group) compared to PEG (O-H active group), the drug (PE) can be released more slowly from the FCPE carriers, when chitosan was used as a coating polymer compared to FPEGPE nanocomposite in which PEG was used as the coating polymer. The cytotoxic effects of FNPs, free PE, and FPEGPE were determined against mouse normal fibroblast (3T3) cell lines and show slight decrease in the viability of 3T3 cells could be directly proportional to the concentrations used. However, pure PE presented slightly higher toxicity than the FNPs and FPEGPE nanocomposite. The decrease toxicity prospective of this new nanocomposite compared to pure drug (PE) together with controlled-release properties offers a great potential of this new nanocomposite to be used for the treatment of hypertension.
